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Performance of ultra low temperature district heating systems with utility plant and booster heat pumps Torben Ommen a, *
, Jan Eric Thorsen b , Wiebke Brix Markussen a , Brian Elmegaard
Introduction
In areas with temperate climate and high population density, district heating (DH) has proven to be economically competitive, and to show significant energy savings compared to individual heating solutions, e.g., for Denmark [1] . Both energy and economic savings may also be obtained in urban areas with warmer climates [2] . However, with decreasing space heating (SH) heat demands in newly built dwellings and multi-5 family buildings, DH is challenged by other technologies for cost efficient supply of residential heat services [3, 4] . This is the case as heat losses and investment costs of distribution networks become increasingly important in both socio-economic and private economic analyses, with a decrease in the total amount of delivered energy. On the other hand, economy of scale decreases production costs of the utility plants.
Each of the above factors should consequently be carefully considered in the analysis of new developments or expansion of existing systems. To add to this, DH may further improve cost effectiveness of other sectors, as it is a key component in the Smart Energy Systems approach [5] stating that the "Smart Energy Systems concept is essential for 100 % renewable energy systems to harvest storage synergies and exploit low value heat sources". A reduction in DH supply temperatures is proposed in order to increase district heating efficiency, as M A N U S C R I P T temperatures to e.g., 60°C [7] may in many cases be an acceptable solution for both existing and new buildings [8] .
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Especially three advantages are worth mentioning for systems with lower temperatures in the network: improvements in performance of renewable heating technologies, either by direct utilization (e.g., solar 20 thermal collectors) or by use of heat pumps (HPs), the possibility for decreased heat losses as well as improvements in performance of existing centralised utility plants. On the other hand, the low temperature (LT) DH has lower temperature difference between supply and return lines, and is thus subject to increased investment and/or pump work due to the larger volume flow rate for a fixed heat delivery.
Opposite to the LTDH, the design of ultra low temperature (ULT) DH systems calls for changed layout and requirements to the end-user installations [9] , as the temperature of the DH forward stream does not satisfy demand temperatures or bacteria prevention measures [10] . The topic of ULTDH has received attention in a number of recent publications. The technology has been proposed for two quite different energy scenarios:
1 Expansion of existing DH networks, where troublesome capacity constraints are addressed, which is 30 achieved by connecting ULTDH consumers at remote positions by utilizing the return flow [11, 12] . This may be done without interfering with consumers requiring DH at traditional temperature levels. 2 The design of new or updated systems with better performance of utility units according to the production temperatures and lower losses in DH network [7, 13] .
For the first item, it was shown in Elmegaard et al. [11] , that the highest exergetic efficiency, and lowest 35 cost for consumers, were obtained for LTDH systems. On the other hand, ULTDH offers an increase in energy efficiency. For the case studies Graz and Güssing, where both LTDH and ULTDH are considered, similar results are found for operation costs [12] . Further, for the case study of Güssing, the energy efficiency is increased for the ULTDH solution, compared to LTDH. For the second item, Ommen et al. [7] suggest that the the optimum in terms of costs and emmissions is 40 at the transition temperature betweeen LTDH and ULTDH, but recommends the use of LTDH, as booster HPs would not be required in each dwelling. In Østergaard and Andersen [13] the performance of ULTDH is significantly better, compared to LTDH, in terms of both costs and primary energy demand for a theoretical case representing a typical small Danish DH network. In the study, DH is produced by a combination of a M A N U S C R I P T Coefficient of Performance (COP). For HPs, COP is calculated based on temperatures according to a fixed Lorenz efficiency, which results in high COP, and thus high heat capacity, for ULTDH compared to LTDH. Another difference between the two studies is that the latter did not consider the changed flow requirements of the network.
In the present study, we focus on newly designed urban systems with low SH heat demands. The 50 purpose is to assess, to which extent it is possible to obtain a performance benefit by utilising ULTDH with booster HPs, compared to LTDH. The performance was evaluated for two representative utility technologies which are used/proposed for production of DH in Nordic countries. The paper focuses on performance of utility supply and technical feasibility. The paper further addresses a method to obtain the optimal return temperature for ULTDH based on external parameters of the system.
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Other applications of such systems include newly built island systems (outside conventional DH areas), or to replace individual heating solutions, both of which may present the possibility to connect to a LTDH transmission network later on.
Methods
The used definitions for LTDH and ULTDH are presented in Table 1 . For ULTDH the installation 60 at the end consumer includes both electrical HP boosters and heat exchangers, whereas for LTDH, the installation is comparable to those known from traditional DH networks, only with improved heat exchange performance. These installations are further addressed in sections 2.1 and 2.2, while the characteristics of the network is adressed in section 2.3. Two possible central heat production technologies for the DH network were considered, namely a Combined Heat and Power plant (CHP) and central HPs. The utility technologies are further described in sections 2.4 and 2. 5 .
Thermodynamic models of the considered technologies were developed and used in order to analyse their performance at reduced supply and return temperatures. The models were implemented in EES (Engineering Equation Solver) [14] . In section 2.6 the Coefficient of System Performance (COSP) is introduced as a performance indicator for the system as a whole. This was used to compare results of the individual 70 networks.
LTDH integration in multifamily buildings
In modern energy efficient multifamily buildings, the heat demands are often divided into space heating (SH) and domestic hot water (DHW) (e.g., [8] and [15] ). However, from a thermodynamic point of view, M A N U S C R I P T another heat demand should be included in the demand profile, due to its different temperature require-
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ments. This demand is the DHW circulation (DHWC) losses, which typically occur from DHW pipes inside the heated perimeter (and thus reduces the SH demand), but results in a heat demand with high mean temperature. The slightly cooled DHW is returned to the DH installation by the circulation pump, and is then reheated to the set point temperature corresponding to DHW [16] . An example of how this heat demand is addressed in multifamily buidings is presented in Fig. 1a , but 80 many configurations and solutions are available [17] . Some solutions reheat the DHWC by mixing with DHW in stratified tanks, which requires the DHW to exceed the temperature levels required to avoid the bacteria growth. The annual heat demand for DHWC is typically small compared to DHW, but may actually in older buildings with poor DHW insulation exceed the DHW demand (e.g., [16] and [17] ). The LTDH system was modelled according to Fig. 1a , as three counter-flow heat exchangers with a fixed 85 pinch temperature difference between DH and the heat demand, corresponding to given flow and temperature specifications on the secondary side. With decreasing supply temperatures, the DHWC demand becomes increasingly important in LTDH installations, as increased flow with high temperature is returned from the DHWC heat exchanger, which significantly increases the return temperature of the total installation. As a reference case, table 2 presents the characteristics of the heat demands. The analysis focussed 90 on the characteristic heat demands of modern low energy multi-story buildings, with high shares of DHW heat demand, compared to heat demand from SH. Similar temperatures and high shares for DHW are also reported for individual houses [18, 15] . The DHWC share was considered relevant for newly build multifamily houses [17] . The share of SH and DHW were calculated as the individual demands compared to the total.
ULTDH integration in multifamily buildings
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ULTDH utilizes booster units for the part of the end-consumer heat demand where the required temperature demand of the service is high. Such booster units are designed to enable the highest possible direct heat transfer between the DH and the service. As shown in Fig. 2 , the booster units may be integrated on either primary or secondary side of the DH network [7] . By utilizing HPs for the booster service, the electricity consumption of supplying the remaining fraction is reduced compared to an electric heater. For 100 the case where the heat source for the HP evaporator is supplied by the DH system, the DH return temperature may be lower than what is possible for direct heat exchange. This is key in order to obtain a high system performance when considering both utility plant, network and consumers. By controlling the return temperature from the booster unit, an additional degree of freedom is obtained in the network, which can be utilized to adjust the return temperature of an area to a range that is optimal for the entire system. In this way it is possible to adjust HP performance, pressure losses and heat losses from a network, and thus obtain a performance improvement. For ULTDH systems, few solutions have been developed (e.g., [9] ), which until now are mainly for single family dwellings. Newly developed units utilise two small booster HPs (see Fig. 1b ) in order to match the temperature requirements of the heat demand profile of multifamily buildings. Both HPs are single stage 110 units, which are scalable to match the demand. The design of the building installation for ULTDH, as well as the mathematical model, resembles the one for LTDH except for the integration of booster HPs. The calculation of the HP cycle, as well as the integration with sink and source, is further adressed in section 2.5.
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DH network
115
In Denmark, the heat losses for distribution grids range from 5 % to 50 % depending on many factors such as commissioning year, heat demand densities and temperatures [19] . For regular and large networks heat losses are in all cases below 25 %. All networks with heat losses above 25 % supply less than 100 GWh annually. The heat losses correspond to network operation supply temperatures during winter of 65°C to 100°C.
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For newly designed systems the heat losses are typically in the lower end of the range. It was estimated that for a reference system with supply and return temperatures of 70°C and 40°C, respectively, distribution heat losses were 10 % for an average hourly demand in the heating season.
The heat transfer characteristics for each pipe in the specific heat network was found, according to generalized models [20, 21] . Based on these models, the dimensioning length and pipe sizes, as well as 125 the temperature of supply and return at the consumer site, were found. The temperature of the soil was estimated as the average of the yearly temperature of the area (8°C). DH networks are typically dimensioned according to a permissible specific pressure drop in the range 50 Pa to 100 Pa per meter for the coldest day (dimensioning at e.g., -12°C) [22] . As the analysis was performed for a yearly average, the lower value of the permissible specific pressure drop 50 Pa per meter was used in this study.
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A schematic figure of the supply side model elements is presented in Fig. 3 . Besides the heat supply (extraction CHP plant or central HP), the pump work and the heat losses were calculated for both supply and return. Assumptions regarding pump work and heat losses are presented in Table 3 2. 4 
. Heat supply from extraction CHP
The applied model of extraction type steam turbine (Rankine) cycles is based on data for two identical [23, 24] , where specific information about the temperatures, isentropic efficiencies, temperature differences, auxiliary power consumption and pressure losses are defined. A process flow sheet for the power cycle is presented in Fig. 4 . The model used for this analysis corresponded closely to the one used in [25, 7] . The steam enters the 140 intermediate (IP2) and low pressure part (LP1 + LP2) of the turbine train after expansion in the preceding turbine (IP1), and may be used for power generation or to supply district heating. The output of each product is controlled by adjusting the valves before the low pressure turbines and the district heating heat exchangers.
5
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Besides energy, entropy and mass balances, different, representative expressions were used to establish 145 the impulse balances in different parts of the systems. For each section of the modelled turbines, a turbine constant accounts for the swallowing capacity of a specific unit:
where the mass flow of steamṁ, the inlet temperature T in and pressures at inlet p in and outlet p out are used. Once installed, the swallowing capacity should be considered constant throughout the lifetime of the 150 unit. The constant is applied to calculate the off-design operation of such units correctly.
For each of the valves, a flow coefficient was fixed, in order to account for the pressure losses when the valve is operated between fully open and fully closed. The constant is applied to calculate the off-design operation of the valves.
where α is the flow coefficient, k is the opening degree of the valve, ρ in is the density of the fluid at the 155 inlet, and ∆p valve is the pressure loss over the valve. Considering DH temperatures of 100°C and 50°C for forward and return temperatures, the model represents a plant with an electric efficiency of 42.0 % at full boiler load in condensing mode and 34.9 % at full back-pressure mode, respectively. In full back-pressure mode the total energy utilization is 91.5 %.
Performance of HPs for finite energy reservoirs
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A schematic diagram of a single stage vapour compression heat pump is presented in Fig. 5 similar to the one used in previous studies, e.g. [25, 26, 27] . The operating conditions of a heat pump can be evaluated based on six parameters: The temperature of the sink process stream (DH) leaving the condenser T sink , the temperature of the source entering the evaporator T source , the process stream temperature glides from inlet to outlet in both heat exchangers (∆T sink and ∆T source ), and expressions defining the heat transfer 165 capacity of the two heat exchangers, in this case the minimum temperature differences, ∆T pinch, cond and ∆T pinch, evap . The pinch temperature difference, ∆T pinch which may appear once or twice in both condenser and evaporator.
By these six temperature variables, all state points of the cycle were found by using property data of sink, source and heat pump working fluids (according to Table 4 ). An example of a the heat exchange 170 processes for a pure refrigerant is presented in Fig. 6 .
The performance of the HPs were calculated based on the thermodynamic cycle, corresponding to the temperatures of heat sink and heat source, and a few basic assumptions for component performance. 
Evaluation of system performance
By utilising HPs in combination with CHP, it is not sufficient to determine the performance of the HP. The booster HPs may provide heat at a high COP, but consumes power produced at the CHP, and accordingly impacts the total system performance. Instead, a performance indicator based on the complete system is needed. The Coefficient of System Performance (COSP) (Eq. 3) was used to evaluate the complete supply scheme of a specific system. It includes all the various requirements for supplying the heat demand, as specified in table 2, and supplied by the network according to Fig. 3. 6 M A N U S C R I P T 
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whereQ HeatSupply is the heat supplied by extraction CHP or central HP. The magnitude of the heat flow is influenced by the heat demandQ Demand and the heat lossQ DH,loss , as well as the amount of heat supplied by the booster HPs in the system Q BoosterHP . In the case where the booster HPs utilise the DH system 185 as the heat source, the heat supply Q BoosterHP and the electricity consumption Ẇ BoosterHP from such units are equal [25] .
For the extraction CHP plant it was assumed, that the plant operates at full load in extraction mode by varying the extraction of steam from the IP turbines to the DH condensers. Based on this assumption, W HeatSupply for the CHP can be calculated from the power loss factor by heat extraction (β-value) [28] . For 190 the HP, theẆ HeatSupply was found as the power consumption, related to the heat supplyQ HeatSupply , by the COP of the HP.
Results
For each of the individual solutions considered, results were generated by variation of the temperatures in the DH network, which are the main operation parameters concerning the system performance. Variation in network temperatures (for LTDH) resulted in changes of the COSP of the system, as the pump work, DH network losses as well as performance of the central utility units change. Additionally, the load and the COP of the booster units of the ULTDH was found to be highly dependent on the network temperatures, which result in variations of power and DH consumption for boosting the high temperature demands.
For LTDH systems, the return temperature was derived as a result of the supply temperature, according 200 to energy and mass balances for the direct heat exchange processes of SH, DHW and DHWC, according to Fig. 1a . In this way certain supply temperatures result in high return temperatures, which not only affect the central utility production performance, but also significantly influences the pressure losses of the system, due to the higher mass flow needed to satisfy the demand.
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For the ULTDH systems, the return temperature of the substation depends on the direct heat exchange 205 for SH and DHW demands, as well as the return temperature of the two booster HPs, which may be used as an optimisation parameter of the system. Results for ULTDH systems are thus presented as contour plots concerning both supply and return temperatures. For each of the considered cases, similar parametric analyses were performed to investigate the influence of the various assumptions, and to assess the types of systems where the possible benefit of utilising the 210 ULTDH systems were most significant.
Performance of extraction CHP-unit at lowered DH temperatures
For the extraction CHP unit, the influence of changed production temperatures was investigated for both LTDH and ULTDH.
In Fig. 7 at 80°C and return at 40°C. Both lines are presented to emphasise the difference between off-design operation at lower temperatures than intended, or updated geometry of the turbines of the plant according to changing the design temperatures. For the solid black line, the turbine and valve coefficients were fixed according to 100°C and return at 50°C design, whereas the dotted line reflects the performance of a CHP-unit dimensioned for lower temperatures. The graph illustrates the improvement of the plant output at lower 225 temperatures, and also illustrates remarkable changes in the characteristics, e.g., more noticeable no-loss points. For almost all cases of DH production, the unit with updated geometry showed an increase in power production. The difference between design and off-design operation of the CHP unit was found to be further increased at lower supply and return temperatures. An example of the variation of the average β-value at changed temperatures is presented in Fig 8a and   230 8b for a CHP unit with fixed turbine and valve coefficients according to 100°C and return at 50°C design. The average β-value was for each temperature set calculated as the difference of power production between condensation and full back-pressure operation. For the LTDH temperature ranges presented in Table 1 ( Fig. 8a) , the β-value varies between 0.078 (-) and 0.090 (-). This corresponds to β −1 values of 11.0 to 12.5 (-), which indicates the heat generated by each 235 unit of power sacrificed. The β-value is most sensitive to changes in the supply temperature (ratio 3:1). For the corresponding ULTDH (Fig. 8b) , the β-value was found to be between 0.070 (-) ad 0.075 (-). In this case, the β-value is more equally sensitive to changes in supply and return temeperature (ratio 2:1).
In case of turbine and valve coefficients in accordance with an updated design, the β-values were found to be further reduced. In the following sections, results for extraction CHP corresponds to fixed design 240 coefficients at 100°C supply and 50°C return, unless further addressed.
Performance of heat delivery for LTDH
In Fig. 9a and 9b the performance of LTDH supply is presented in terms of COSP (black colour) for production based on extraction CHP and HP individually. For both cases, it was found that the COSP of the combined DH system increases with a reduction in supply temperatures below 80°C, and reaches 245 optimum COSP corresponding to approximately 65°C supply temperature. Further reduction in supply temperature resulted in reduction in COSP, which was mainly ascribed to a significant increase in pump work due to the given low difference between supply and return temperatures. The return temperature at the utility plant is presented in Fig. 9a and 9b as a grey curve. For decreasing supply temperature, an increase of the return temperature was found, which is a result of the mass and energy balances of direct heat exchange for LTDH installations.
For DH production supplied by the extraction CHP unit, the optimum COSP was found to be approximately 10.6 (-) at a supply temperature of 66°C. For the corresponding central HP, the optimum was found M A N U S C R I P T
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at slightly lower supply temperatures (63°C) with COSP of just below 3.7 (-). The COP of the central HP was found to be 4.1 (-) for this specific operation temperature set. The optimal supply temperature of the central HP was lower than for the extraction CHP, as the COP of the HP is significantly lower than the corresponding β −1 , which shifts the optimal operation towards an operation with higher power consumption for pumps, but with increased COP due to the decreased supply temperature.
For each of the case studies, a parametric analysis was performed, in order to investigate the influence of the various assumptions. For each of the considered parameter changes, the analysis show COSP and 260 temperature trends similar to the ones showed in Fig. 9a and 9b . Hence, it is found that for a given set of parameters, an optimal COSP value exist with corresponding supply and return temperature exist. These optima for the central HP case are presented in Fig. 10b . For each of the sets of input parameters, the COSP of the LTDH network supplied by HP technology, was found to be in the range of 3.45 (-) to 4.15 (-) . The optimal supply temperature was found to be in the range of 62°C to 64°C, except for the 265 cases with changed temperature requirements for DHW, which has a high influence of the optimum supply temperature. The highest COSP was found for a system with neglected circulation heat demand and heat loss. This is obviously a theoretical case only.
The trends of the parametric analysis for extraction CHP followed the above description of the central HP quite closely, except for the reduction of DHWC, where the optimal temperature shifted significantly 270 towards a lower supply temperature (see Fig. 10a ). The COSP of the LTDH network supplied by extraction CHP technology, was found to be in the range of 9.9 (-) to 11.6 (-) 
Performance of heat delivery for ULTDH
In Fig. 11a and 11b the performance of ULTDH supply is presented in terms of COSP, for production supplied by extraction CHP and HP individually. For both cases it was found, that the highest COSP of 275 the system was experienced for return temperatures between 22°C to 27°C. A further reduction of return temperature to 20°C was found to decrease COSP by 10 % to 20 %. Both considered cases further reveal an area of very low COSP for low supply temperatures and high return temperatures. This was mainly due to a significant increase in pump work, to a level where the network utilises more electricity for pumps, than what is requested by the costumers in terms of heat demands.
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For the DH network supplied by extraction CHP units (Fig. 11a) , the highest value of COSP was found for a supply temperature of 50°C, which is the maximum limit for ULTDH. Accordingly, ULTDH is not an advantage in connection with a central CHP. At a supply temperature of 36°C and a return temperature of 22°C, a COSP of 5.6 (-) was found. For a supply temperature of 50°C and a return temperature of 27°C , the COSP was found to be 8.6 
(-). Both are significantly lower values of COSP than what was found
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for LTDH in Fig. 9a . For systems supplied by a central HP, an optimum in terms of COSP was found within the considered temperature ranges of ULTDH. The location of the optimum was at a supply temperature of 44°C and 24°C return temperature. The COSP at these operation temperatures was higher than 4.1 (-) which was the maximum found for LTDH in Fig. 9b . At a supply temperature of 36°C and a return temperature of 22
290°C
, a COSP of 3.9 (-) was found. For a supply temperature of 50°C and a return temperature of 25°C, a COSP of 4.1 (-) was found. All three values of COSP are higher than what was found for LTDH.
In both figures, a small area of infeasible solutions was found corresponding to a combination of low supply and return temperatures. The infeasible area is marked with gray colour in the plot. Operation at such temperature combinations of supply and return was not possible due to very low return temperature 295 of the booster units, reaching levels below the freezing point of pure water. In such case, operation would require an anti-freeze additive to the fluid of the DH network, which was not considered further.
In Fig. 12 , the temperatures of the return flow of the booster units are presented (in°C), corresponding to the results for COSP. The previously presented infeasible area is again indicated in gray. Additionally, the contour of the highest COSP for central HP supply (from Fig. 11b ) is presented to show the temperatures of the returned DH flow from the evaporator of the booster HPs. This shows, that the solutions with the highest values of COSP was found to correspond to return temperatures of 23°C to 30°C. Further, systems with a DH return temperature lower than approximately 23°C show a significant decrease in the required heat source return temperature.
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In Fig. 13a and 13b a parametric analysis is presented, which is comparable to the one performed for 305 LTDH systems. The presented parametric analysis is performed for systems with DH supply from a central HP. Due to the additional dimension required to locate the optimum, Fig. 13a presents the exact location in terms of supply and return temperatures, whereas Fig. 13b presents the obtained COSP, along with the supply temperature for the optimum.
Two of the solutions presented in Fig. 13a were constrained by the considered range of supply temper-310 atures in ULTDH. This is the case for "Fixed ∆ P DH design", as well as a system with a low fraction of demand for DHW (25 %), where both were constrained by the lower end of the range of supply temperatures. In case of lower DHW demand, the solution is further constrained by low return temperature. The remaining analysed solutions were found to be located at similar supply and return temperatures. In terms of COSP, the solutions are in a range of 3.9 (-) to 4.7 (-) , which in all cases are higher than the comparable 315 reference system for LTDH. In Fig. 14a and 14b the analysed parameters for both LTDH and ULTDH systems are compared for both utility technologies. For the case of extraction CHP plants, presented in Fig. 14a , each of the analysed ULTDH systems present a decrease in COSP, compared to a similar system utilising LTDH technology. The decrease was found to be in the range of 10 % to 27 %. For the systems with heat supply by a central 320 HP, presented in Fig. 14b , the results are opposite, as the ULTDH technology presents an increase in performance for each of the considered solutions. The increase is between 7 % and 23 %.
For both of the considered utility technologies, it was found that the analysed systems with a low fraction of the demand for DHW (25 %) result in better performance increase for ULTDH than for the reference case. Similarly, solutions with high fractions of DHW (75 %) result in lower performance changes than for 325 the reference. Increased performances by utilising ULTDH systems were also experienced for systems with a high reference heat loss in the distribution system.
For both utility technologies, the analysed systems with increased SH temperature result in lower performance for ULTDH than for the reference case. Further, the different rules for dimensioning of DH results in similar results as for the reference for both technologies, although with a significantly different set of 330 operation temperatures according to Fig 13a. 
Discussion
In the presented analysis the COSP was used to easily compare the different choices in utility components and variations in temperatures for specific heat demands. In most applications, the origin of the energy may further differentiate the solutions, as both electricity and heat may be correlated to the amount of primary 335 resources used for production, e.g. as primary energy factors [29, 30] . Further detail of the performance of the processes may be obtained using exergy analysis [31] , as performed in other literature on heat pumps for district heating (eg. [32] ). A significant difference between the method for exergy analysis and the method utilised for the current paper is the detailed accounting for heat sources for the central heat pump, which was considered very close to ambient conditions -i.e. with very little physical exergy content.
When using a central HP to supply the DH system, the resulting COSPs were found to be in the range of 3.9 (-) to 4.2 (-) for equipment with realistic component efficiencies and effectiveness, when including the relevant parameters such as DH system pressure and heat losses. According to Fig. 14b this was found to be a performance increase of between 7 % and 24 % compared to LTDH (13 % for reference case), and for the reference case approximately 25 % compared to DH with 80°C according to Fig. 9b . According to 345 Torekov et al.
[3] the variable costs are typically approximately 25 % of the socioeconomic cost, indicating that compared to DH 80°C, up to 6.25 % reduction in socioeconomic costs may be achieved by this solution. The analysis did not elaborate further on economic performance, mainly due to high uncertainty of inhouse installation differences between ULTDH and LTDH solutions, as well as different cost assumptions related to installation of DH piping with different sizes.
Due to the observed reduction in performance for CHP systems, the proposed technology may be relevant in new areas of cities, where waste heat from electricity production is not abundant, and where the average consumption of space heating is low. The technology is worse in terms of COSP, as the COP of booster M A N U S C R I P T
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HPs was significantly lower than corresponding performance change for the CHP plant (β-value). For CHP plants designed for ULTDH, the performance gain of a CHP plant over HP would further increase, as the (β-value) would be further decreased.
The parametric analysis showed, that a low fraction of the demand for DHW (25 %) in ULTDH results in higher performance increase compared to LTDH, than for the reference case. This might indicate, that the ULTDH system is better tailored to the buildings with higher SH demands, in case the return temperature of the SH part may be kept low.
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The analysis was based on the assumption of the booster heat pump to utilise ULTDH supply as the heat source. Thus, no external heat sources were utilized in the multifamily house installation. Alternative heat sources for the booster evaporator may be considered with potential performance benefits. This is however not further investigated in the current analysis due to a couple of reasons. Primarily, both DH and external heat sources are not easily integrated in one solution, due to the lack of high temperature heat sources located in immediate proximity of dwellings, and with such solution it is required to asses the risk of freezing of the water in the system when low temperature heat sources are utilised. Furthermore, the additional degree of freedom, which was utilised to obtain COSP improvements, would not be present in case where the ambient (or waste heat) was utilised as the heat source.
ULTDH with electrical heaters are mentioned as a possible cost reduction in Zvingilaite et al. [9] , but 370 with many benefits of the ULTDH system. Similar to a system with external heat sources for the booster HP, supplementary electrical heaters would not allow a further reduction (or increase if needed) in return temperatures than the one obtained by direct heat exchange, and thus possibly not achieve similar performance improvements as a system with DH as the heat source for HPs. Further more the COP of the electrical heater would not match the COP of the utility plant.
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A benefit of the system is that it may easily adjust to changed operation e.g., high SH demand or no SH demand. This may be done by adjusting the return temperature of the HP evaporator, to obtain a temperature difference for the DH network, which is better adjusted to the central utility production and pump work. From a system perspective, COSP may be optimized by fixing set points of booster HPs corresponding to a minimal total electricity consumption of the network. It should however be noted, that 380 for the user of the multifamily installation, the economically optimal return temperature is higher than that for the system, in case heat is cheaper than electricity. This is because COP of the booster heat pump will increase with increasing return temperature from the evaporator.
Conclusion
With a decrease in heat demands for space heating in newly built buildings, heat losses in distribution 385 networks become increasingly important, as the total amount of delivered energy is significantly decreased.
In order to obtain performance improvement compared to LTDH networks, further reduction in supply temperatures (ULTDH) along with the use of booster HPs was evaluated.
The analysis was based on the assumption of booster HPs to utilise ULTDH supply as the heat source. From a system perspective, the best performance, evaluated as COSP, may be achieved by utilisation 390 of the additional degree of freedom, that originates from the choice of evaporation temperature of booster HPs. This allows the operator to control the return temperature of the network. In this way, increasing the temperature difference for the booster units, which reduces the COP of hot water preparation, may benefit the central DH production, pump work and heat losses in the network. The analysis focussed on two cases, where the supply of heat for the network origins from either an 395 extraction CHP plant or alternatively from a central DH HP. It was possible to further reduce the temperatures of the DH networks, which in turn lead to a reduction in heat losses from the network. In networks supplied by CHP plants, the use of ULTDH and booster HPs decreases the COSP by approximately 20%, compared to an optimised LTDH network, where heat may be transferred directly by heat exchangers. This is the result of higher electricity consumption of the booster 400 units than the corresponding change at the CHP plant.
For heat supply by central HPs, a performance increase of 12 % for the reference calculations case was found. Based on an analysis of the key parameters, it was found that the ULTDH provides a performance M A N U S C R I P T
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increase for all cases compared to the similar LTDH. The performance increase varied from 7 % to 23 %. This is the case, as the marginal COP of booster HPs was found to be similar to that of the central HP, but Performance of ultra low and low temperature district heating (DH) were analysed For the analysis of ultra low temperature DH, booster heat pumps (HPs) were proposed Two central production technology cases were considered Performance improvements of up to 12% were found for systems supplied by central HPs
